[1] Three years (March 1998 through March 2001) of nitric oxide (NO) observations in the Northern Hemispheric thermosphere (90-170 km) as made by the Student Nitric Oxide Explorer (SNOE) spacecraft are compared in a broad statistical analysis with the dailyaveraged northern auroral bremsstrahlung x-ray observations, which are taken to be a good proxy for the population of precipitating energetic electrons. The latter are made by the Polar Ionospheric X-ray Imaging Experiment (PIXIE) on board the NASA GGS Polar spacecraft. A modest correlation between these two data sets is found, indicating that about 20-40% of the variation in the number density of thermospheric nitric oxide at high latitudes is caused by variations in the precipitation of energetic particles from the magnetosphere into the auroral regions of the ionosphere. Time delays between the two data sets are examined in this study, as well as the altitude profile of the nitric oxide observations. Differences in the response and recovery times in the two data sets are also carefully considered along with hemispheric asymmetries as a function of season, leading to stronger correlations which are then discussed in terms of the properties of the data sets used.
Introduction
[2] Several recent papers [Callis, 2001; Baker et al., 2001 , and references therein] have stressed the need to include particle precipitation effects in atmospheric models. On the basis of this prior work, it is important to study atmospheric chemistry changes due to external (i.e., magnetospheric, heliospheric, and solar) phenomena in order to distinguish such effects from other possible sources of short-and long-term atmospheric changes. An important aspect, then, is understanding the causes and effects of solar, galactic, and magnetospheric particle precipitation (over the entire energy spectrum) into the terrestrial atmosphere. Much attention has been paid to ozone levels in the middle atmosphere, and short-term variations have been found to coincide with large solar proton events [Weeks et al., 1972; Heath et al., 1977; Reagan et al., 1981; Solomon et al., 1983; Jackman et al., 1990 Jackman et al., , 2001 . Such events produce considerable changes to the HO x and NO x atmospheric constituents [e.g., Crutzen et al., 1975; McPeters, 1986; Vitt and Jackman, 1996; Jackman et al., 2001] , which causes catalytic destruction of ozone. Other types of precipitation cause changes even deeper into the atmosphere [Lastovicka, 1996, and references therein] . At higher altitudes the levels of minor chemical species (i.e., NO x ) have also been of keen interest, because of downward transport to the middle atmosphere, especially in the respective highlatitude regions during winter months [Callis et al., 1996; Randall et al., 1998 Randall et al., , 2001 . Nitric oxide is an especially important minor species of the lower thermosphere and is created by almost any injection of energy. The long lifetime of NO allows it to be used as a tracer of atmospheric dynamics [Barth, 1992] .
[3] Recently, case studies of energetic electron precipitation as observed from the vantage point of space during geomagnetic storms were carried out by Frahm et al. [1997] using the Particle Environment Monitor (PEM) experiment on board the Upper Atmosphere Research Satellite (UARS). These observations were compared with quiet-time observations, and a computational model (coupled electronphoton cross section (CEPXS)/one-dimensional multigroup Legendre discrete (ONELD) multistream discrete ordinates code, as described by Lorence et al. [1990] and Lorence [1992] ) was used by Frahm et al. to illustrate that the combined electron precipitation and bremsstrahlung radiation during geomagnetically active times can significantly affect the ion production rate deep within the atmosphere (reaching down to 20 km altitude).
[4] In the present statistical study, three years of highlatitude (Northern Hemisphere) Student Nitric Oxide Explorer (SNOE) data are used in coordination with auroral bremsstrahlung X-ray data (as a proxy for the amount of precipitation of magnetospheric energetic electrons into the lower thermosphere, at $110 km altitude) as observed concurrently by the Polar Ionospheric X-ray Imaging Experiment (PIXIE). The energy of the emitted bremsstrahlung radiation is less than or equal to the kinetic energy of the precipitating electrons which produced the radiation [cf. Berger and Seltzer, 1972] . The precipitating electrons span a large range of energies; from tens of eV up to a few MeV [cf. Frahm et al., 1997] . The PIXIE instrument is the first X-ray imager to be able to image the entire auroral oval at once, providing excellent coverage for use in both statistical Anderson et al., 2001] and case [Imhof et al., , 2001 Anderson et al., 2000; Østgaard et al., 1999 , 2000a , 2000b studies. We examine here how the global electron precipitation from the magnetosphere affects thermospheric chemistry (in particular, NO) as a function of altitude and a variety of temporal scales (longterm, seasonal, transport processes, and gain and loss rates).
Instrumentation and Data Sets
[5] The SNOE spacecraft was launched on 26 February 1998 and is in a 580 km, Sun-synchronous orbit at approximately 1030 LT and 97.75 degrees inclination. The spacecraft spins at five revolutions per minute with the spin axis normal to the orbit plane. The ultraviolet spectrometer (UVS) on board the SNOE spacecraft consists of an Ebert-Fastie spectrometer, an off-axis telescope, and two Hamamatsu phototube detectors. This instrument primarily measures the nitric oxide density between the altitudes of 90 and 170 km in the lower thermosphere by observing the (1,0) and (0,1) gamma bands in daylight. The UVS is mounted with its optical axis perpendicular to the spin axis of the spacecraft. The telescope images the entrance slit of the spectrometer on the limb such that the long axis of the slit lies parallel to the horizon. The image of the slit on the limb corresponds to a thermospheric altitude region of 3.5 km, which is the fundamental vertical resolution of the instrument. The grating in the spectrometer places the (1,0) gamma band (215 nm) on one detector and the (0,1) gamma band (237 nm) on the other detector. The integration time is 2.41 ms, and observations are made during only a small fraction of each satellite spin period. The UVS is similar in design to instruments flown on the Solar Mesospheric Explorer (SME), Pioneer Venus, and several rocket flights. Additional information is given by Solomon et al. [1996] and Bailey et al. [1996] .
[6] PIXIE is a multiple pinhole camera on board the NASA GGS Polar spacecraft, composed of two gas proportional counters which record the position of origin and energy for each incident X ray (designed to measure 2 -12 keV bremsstrahlung X rays in the front chamber; 10-60 keV bremsstrahlung X rays in the rear chamber). The camera has four stacked focal planes; two in each chamber. Each detected X ray is time-tagged along with the position and energy of the X ray, and is telemetered to Earth. This process allows the exposure time to be defined by the user. In this study, only X rays from the front chamber are analyzed. The position of each recorded X ray is traced back to its assumed point of origin in the Earth's ionosphere at 110 km altitude (the altitude at which the majority of bremsstrahlung from electron precipitation is assumed to be produced). As mentioned above, PIXIE has a very large field of view, so that nearly the entire Northern Hemisphere of the Earth can be seen at once when POLAR is near apogee ($9 R E ). Higher spatial resolution of the Southern Hemisphere is obtained at perigee ($1.8 R E ), but the viewing coverage is not always complete. The extensive coverage by PIXIE allows for greater capability in distinguishing temporal from spatial variations in the auroral observations. PIXIE is shut off when POLAR is in the radiation belts, and the front chamber is duty cycled to minimize problems with high-voltage power supply glitches. Additional information regarding the PIXIE instrument is given by Imhof et al. [1995] .
[7] The X rays observed by PIXIE are traced back to the Earth's ionosphere (as noted above) and are assigned a geomagnetic latitude and local time. The X-ray intensity from a given region of the ionosphere is calculated from the dead-time-corrected counts observed within that given region per unit of time, per square centimeter of sampling area (which depends on the number of pinholes used), per steradian (calculated as the ionospheric area projected onto a plane oriented perpendicular to the look-direction, divided by the square of the distance of PIXIE from the region of interest), and corrected by the efficiency of the X-ray detector.
[8] The geomagnetic indices (Kp and Dst) are provided via the World Data Center Web site. These are used to identify storms and other major geomagnetic disturbances and are plotted for contextual reference.
Observations and Analysis
[9] Figure 1 shows a year of observations from the PIXIE and SNOE instruments, along with geomagnetic indices. The top panel shows daily-averaged NO densities at an altitude of 106 km (the altitude at which the NO density is highest) as a function of magnetic latitude, in the Northern Hemisphere polar region (50 -85 degrees). Sixfold to sevenfold increases of the thermospheric NO density can be observed during specific geomagnetic storms. There is a period of time for which there are some latitudes not sampled by SNOE. This is because SNOE only sees the daylit portion of the ionosphere, and the latitudinal gaps correspond to positions where the ionosphere was in darkness. The second panel shows the PIXIE daily-averaged lower thermospheric X-ray emissions, also as a function of magnetic latitude. The PIXIE observations are obtained from the front chamber, for X-ray energies between 2 and 8 keV (the actual energy range varies somewhat with instrument temperature, high-voltage level, and instrument age). The PIXIE intensities shown are averaged over all local times. Gaps in the data correspond to times when either the Polar spacecraft attitude vector was rotated 180°t o avoid direct sunlight on some of the instruments, or incidents when large in situ fluxes of energetic solar particles caused PIXIE to enter auto-shutoff mode. The third panel indicates planetary geomagnetic activity as represented by the 3-hour Kp index, while the bottom panel represents the ring current activity as represented by the Dst index. It can be seen that enhancements of geomagnetic activity lead to the precipitation of energetic particles into the auroral ionosphere (as determined from the bremsstrahlung emissions ), as well as enhancements in the density of thermospheric nitric oxide. It can easily be seen that both strong and weak geomagnetic storms cause variations in the NO density. The format for Figure 2 is the same as that of Figure 1 , but is for the second year of the SNOE mission, while Figure 3 corresponds to the third year of SNOE operation. The gap in the SNOE observations in Figure 3 pertains to a period of time when the instrument was being calibrated against celestial sources. It can also be seen in Figures 1 -3 that although the timings of enhancements in the PIXIE and SNOE data sets are similar, there are differences in the latitudinal extent as well as the latitude of greatest emission (PIXIE dailyaveraged X-ray intensities are plotted with a latitudinal resolution of 1°; SNOE with a resolution of 5°). Much of this difference is due to the nature of the data sets. The X rays are integrated over all local times, whereas the NO is observed only at one local time (1030). Most auroral precipitation occurs on the nightside, and the effects on the thermospheric NO are only observed with corotation to 1030 LT. Orbital coverage (PIXIE only observes the north- ern auroral region about 10 hours of each 18-hour orbit) also introduces the substantial probability that PIXIE has missed a significant amount of auroral precipitation, which affects the daily average (both in magnitude and latitudinal distribution).
[10] In spite of the differences in the collection of the data sets, a more quantitative assessment is made by averaging the daily NO density observations and the daily X-ray intensities over the latitude range shown in Figures  1 -3 , for the entire 3-year duration. The daily-averaged SNOE observations have been weighted by the latitudes covered. The correlation coefficient between the logarithm of the X-ray emissions and logarithm of the NO densities over the 3 years is 0.46.
[11] In Figure 4 , correlations between the daily averages are performed with varying time delays between the two data sets. The best correlation (0.57) is found with a 1-day delay in the SNOE data set with respect to the PIXIE data set ( Figure 5 ). This is consistent with the study of Solomon et al. [1999] , which found that the best correlation between DMSP and SNOE observations was achieved with a 1-day delay of the SNOE data set. One reason for this time delay is that it takes several hours for the changes in NO caused by auroral precipitation (often strongest near local midnight) to rotate from the nightside to the local time which is observable by SNOE (1030 LT). In addition, the enhanced NO has a considerable lifetime; large enhancements can persist for longer than a day (especially during the winter), whereas the auroral precipitation varies on a much faster timescale. The photodissociation frequency calculated by Minschwaner and Siskind [1993] is 5.8 Â 10 À6 s
À1
. With laboratory data from Murray et al. [1994] , the frequency becomes 7.1 Â 10 À6 s À1 . Since each photodissociation destroys an NO molecule and produces an N atom which then destroys another NO molecule, the effective dissociation frequency is 1.4 Â 10 À5 s
, resulting in an effective lifetime of NO of 19.6 hours (decreasing only in daylight).
Thus, for these reasons the SNOE data set delayed by 1 day is found to be most strongly correlated with the PIXIE auroral emissions.
[12] Solar proton events (SPEs) are also known to have some influence on nitric oxide production in the lower thermosphere [Reagan et al., 1981] . Large events increase the rate of ion production by as much as about 10% at about 100 km, based upon the study of Reid et al. [1991] . A complete, quantitative assessment of the influence of SPEs on the NO densities at lower thermospheric altitudes, however, is beyond the scope of this study.
[13] The X rays are expected to arise predominantly from thermospheric altitudes between 100 and 110 km, due to the precipitation of several keV electrons, as shown by the atmospheric profiles for precipitating energetic electrons in Figure 6a . This figure is adapted from the results of Rees . A comprehensive description of the processes which produce and destroy NO is provided by Barth [1992] . Although these rates help determine the amount of NO present in the lower thermosphere, variations in solar illumination and auroral particle precipitation are known to cause large variations in the amount of NO present [Barth, 1992] . Figure 6c shows model results of NO density altitude profiles which include a variety of values for the precipitating electron flux (dashed lines), along with the SNOE northern polar region NO observations over the first 3 years of the mission. The SNOE observations show a broad peak between 106 and 110 km, which is only slightly higher in altitude than the peak in the model results (which maximize at $103 km). Interestingly, though, a comparison of X-ray emissions and Figure 4 . Variation of the correlation coefficient between the daily-averaged nitric oxide densities (at 106 km altitude) and the X-ray intensities, as a function of the delay time between the two data sets, over the 3-year time span. Positive time delays correspond to nitric oxide observations which lag the X-ray observations. Figure 5 . Daily-averaged Northern Hemispheric nitric oxide densities at 106 km altitude spanning 3 years, plotted versus the daily-averaged intensity of northern auroral bremsstrahlung. Magnetic latitudes are 50°-85°, and all local times for the bremsstrahlung are used in the analysis. A 1-day offset is included between the NO observations and the X-ray emissions (i.e., yesterday's X-ray emissions are paired with today's NO observations).
NO density at various altitudes finds the highest correlation between these data sets to occur at a significantly higher altitude ($126 km) than expected. At this altitude the correlation coefficient reaches 0.66, as shown in Figure 7 . The variation in the correlation coefficient between the Xray emissions and the NO density as a function of altitude is likely caused by variations in the NO production and loss rates. At higher altitudes (around 130 km and above), Joule heating can be an important source of nitric oxide production. Joule heating at these altitudes causes the reaction between ground state nitrogen and molecular oxygen to be faster than the reaction between excited state atomic nitrogen with molecular oxygen (the dominant source between 100 and 123 km) [Siskind et al., 1989a [Siskind et al., , 1989b , leading to a greater efficiency of NO production due to magnetospheric interactions. In the upper atmosphere, Joule heating (predominantly due to Pedersen currents) and X-ray emissions (due to energetic electron precipitation, as part of the same current system) are expected to be positively correlated, although direct evidence is rather weak. Joule heating is proportional to the average of the square of the horizontal electric field. Continuous observations of the electric field and conductivities over the entire polar region have not yet been achieved. Theoretical and computational studies [Siskind et al., 1989a [Siskind et al., , 1989b Codrescu et al., 1995, and references therein] have provided a solid foundation, but many details still need to be included. Rocket experiments [e.g., Evans et al., 1977; Theile et al., 1981] and incoherent scatter radar measurements [e.g., Thayer, 1998 ] have also helped to determine Joule heating rates during specific times and in specific locations. However, both of these methods are of limited temporal and spatial coverage. As a result, Joule heating rates can be difficult to ascertain. Instead, the geomagnetic auroral electrojet (AE) indices are often used as a proxy for the Joule heating rate [Perreault and Akasofu, 1978; Akasofu, 1981; Ahn et al., 1983 Ahn et al., , 1989 ; Baumjohann [1992] ). (b) Summed creation and loss rates of nitric oxide due to various physical and chemical processes, as described by Barth [1995] . (c) Modeled nitric oxide density for varying levels of incident electron flux [from Barth, 1995] , along with the dailyaveraged observed SNOE nitric oxide density (50°-85°magnetic latitude) over the first 3 years of the SNOE mission.
and Kamide, 1984; Richmond et al., 1990; Cooper et al., 1995; Lu et al., 1995 Lu et al., , 1998 ]. The recent studies of Østgaard et al. [2002a, 2002b] have found good agreement between the Joule heating rates (determined from the AE index) and the electron precipitation determined using the Polar PIXIE and UltraViolet instrument observations for several substorm events.
[14] There has been observed a hemispheric asymmetry in the NO density as a function of season, such that the polar region with fewer hours of sunlight also tends to have a larger NO density [Baker et al., 2001] . Since photodissociation is a major loss mechanism of NO, it is thought that this is the major cause of the hemispheric difference. On the basis of the Northern and Southern Hemisphere NO density ratios at 106 km altitude shown in Figure 5 of Baker et al., we are able to normalize the NO density values to account for the seasonal effect, using a sinusoidal function. Although no specific normalizing formula was provided, it has been determined that the sinusoidal function NO 0 = NO Â (0.27 Â cos((day-156)/365.25 Â 360) + 1) results in the highest correlation with the X-ray observations. This normalization slightly increases the correlation coefficient of Figure 5 from 0.57 to 0.63. It is somewhat expected that these correlations would not increase considerably, since the X-ray emissions also exhibit a seasonal effect similar to that observed by Newell et al. [1996 Newell et al. [ , 1998 ], Liou et al. [1997] , and Collin et al. [1998] , which is thought to be due to differences in polar ionospheric conductivities (again caused by exposure to sunlight).
Summary
[15] The interaction of the magnetosphere and lower thermosphere in the north polar region has been examined using a broad statistical analysis comparing disparate data sets. In contrast to measuring auroral precipitation into the atmosphere with the limited duty cycle coverage for electron detectors on a low-altitude satellite, continuous worldwide coverage for periods of several hours duration was achieved with the PIXIE X-ray spectrometer on the POLAR satellite. From the calculated correlation coefficients using PIXIE and SNOE data, it has been shown that 20-40% of the variation of NO at northern high latitudes is due to variations in the auroral precipitation of energetic electrons. This is consistent with the recent statistical study by Baker et al. [2001] , based upon SNOE observations and energetic (>25 keV) electron fluxes measured with the large-area microchannel plate sensor system (LICA) on board the Solar, Anomalous, and Magnetospheric Particle Explorer (SAMPEX) spacecraft. The correlation is raised by consideration of the delay times between data sets, as well as the altitude of the nitric oxide observations and seasonal variations, but illustrates the difficulty of comparing two data sets for which the timescales (e.g., the creation and losses of NO) change markedly with circumstances (orbital coverage, resolution of observations, etc.) and with altitude. Nevertheless, broad-based statistical studies such as this help us to more fully understand the coupling between the magnetosphere and upper atmospheric chemistry.
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